Abstract This study has investigated the biodegradation of n-alkanes using open mixed cultures in batch tests.
Introduction
The extensive use of petroleum components or hydrocarbons as fuels and chemicals has resulted to the introduction of these compounds into the environment. The exploration and production activities, refining processes, transport and storage of crude oil and petroleum products have often led to leaks and accidental spills or discharge of petroleum contaminating soils and water systems. Man-made activities resulting to soil and marine contamination is a worldwide environmental concern. Reports on contamination incidents published in 2007 in the UK shows that hydrocarbon related contamination made-up about 12% of the serious contamination incidents [1, 2] . Alkanes make up a substantial portion of petroleum hydrocarbons and are significant contaminant of oil spills. The biodegradation of alkanes under aerobic conditions has been extensively reported in literature using pure cultures of bacteria, molds and yeasts belonging to thirty genera of microorganisms which are widely distributed in the environment [3] . As an alternative to pure cultures, the use of open mixed microbial cultures can be an attractive approach for n-alkane biodegradation because open mixed cultures are based on natural inocula with a high microbial diversity which can utilize a wide variety of substrates under non-sterile conditions. The biodegradation of n-alkanes under anoxic (i.e. using nitrate as electron acceptor in the absence of oxygen) and anaerobic (no external electron acceptors) conditions is equally important since oil spills have also occurred in underground storage tanks and aquifers where there is little or no molecular oxygen. Therefore, knowledge of n-
International Journal of Environmental Bioremediation & Biodegradation
alkane biodegradation under such conditions is important to be able to assess and predict the efficiency of bioremediation applications. The use of nitrate to remediate hydrocarbon contamination has been proposed as a bioremediating approach under anoxic conditions [4] .
In the biodegradation of organic compounds, one important factor is the biodegradation rate. Kinetic models ranging from first-order decay rates [5] to more complicated models [6, 7] have been developed to describe hydrocarbon biodegradation rates. The most commonly used mathematical models for biodegradation is the Monod expression [8] which contains two parameters (µ max and K s ) and the determination of the biodegradation kinetics requires quantifying these parameters together with the growth yield Y [9] . As far as the experimental measurement of biodegradation rates is concerned, the use of respirometric techniques (electron acceptor consumption) has been gaining a lot of interest since the introduction of automated respirometers. Previous studies have shown that intrinsic kinetic parameters can be estimated from respirometric data obtained during the biodegradation of organic compounds [10] . The use of non-linear curve fitting techniques to such data i.e. oxygen consumption data can be used to achieve parameter estimates. Though some studies have been undertaken to measure the biodegradation of insoluble organic compounds by measuring the consumption of oxygen [11] , to our knowledge, no detailed respirometric study on the biodegradation kinetics of n-alkanes and hydrocarbons in general using open mixed culture has been reported.
The first aim of this study was to obtain experimental data on the biodegradation of hydrocarbons using open mixed cultures under aerobic, anoxic and anaerobic conditions. The biodegradation of hydrocarbons has been compared with the biodegradation of readily biodegradable substrates (glucose, acetic acid and ethanol) using the same cultures. The second aim of this study was to measure the kinetic parameters of the Monod model that describe the aerobic biodegradation of the hydrocarbons and of the readily biodegradable substrates.
Materials and Methods
Microorganisms. Two different undefined mixed microbial cultures were used for this research. One was a mixed consortium obtained from a sludge taken from an anaerobic digestion (AD) plant in Gask, Turriff, Aberdeenshire, UK whose VSS concentration was (22.7 ± 0.4) g/l. The inoculum was obtained from a suspended growth anaerobic digester operated under strictly anaerobic conditions at 50 days residence time. The temperature conditions of the digester were maintained between 38°C and 40°C. The various feedstocks fed into the digester are meat processing wastes, maize silage, fish processing wastes and chicken feathers. The AD sludge used in this study contained facultative anaerobes (microorganisms active in the presence and absence of free molecular oxygen i.e. Escherichia coli, Bacillus sp etc). The second source was a soil obtained from an agricultural site (Craibstone in Aberdeenshire, UK) (0.115 ± 0.003 g of VSS/g of soil). Bartram et al used soil pH (between the range of 4.5 -7.5) to identify about 25 different bacteria taxa present in the Craibstone experimental farm soil samples. Their methods which included next-generation sequencing of bacterial 16S rRNA genes showed that Acidobacteria, Alphaproteobacteria, Verrucomicrobia and Gamma-proteobacteria were the higher taxonomic bacterial groups present in the Craibstone experimental farm soil. For detailed analysis of their methods, refer to Bartram et al [12] .
Culture media. The standard mineral salt medium for aerobic and anaerobic conditions contained per litre of distilled water: NH 4 Cl, 3g; K 2 HPO 4, 34.8g; NaH 2 PO 4 , 24g; MgCl 2 .6H 2 O, 0.05g; CaCl 2 .6H 2 O, 0.035g; thiourea, 0.02g. Denitrifying condition was established by adding 1g of NaNO 3 to each litre of mineral salt medium.
Test compounds. Five straight-chain aliphatic hydrocarbons (n-dodecane (C12), n-tetradecane (C14), n-hexadecane (C16), n-octadecane (C18) and n-eicosane (C20)) were purchased from Sigma-Aldrich with over 95% purity all in analytical grade. Readily biodegradable compounds (glucose, acetic acid and ethanol) were also purchased from Sigma-Aldrich all in analytical grade.
Studies in batch culture. Two different set-ups were employed for the aerobic biodegradation tests and were designed to supply oxygen from air to the bioreactors (bottles) through diffusion. The first set-up was for the acclimation phase where a Wheaton lab media bottle (working volume 250 ml) with rubber lined cap was used as the bioreactor on a VELP Scientifica multi-magnetic stirrer. The bioreactors were open and set-up in triplicates for each of the substrates (spiked at a concentration of 0.5 or 5 g/l). The soil used was homogenized by sieving the sample with a sieve of 125µm porosity. 0.125g of homogenized (dry) soil was used to give an initial concentration of 0.08g VSS/l of inoculum concentration. For the experiments with AD inoculum, the sludge was filtered with a filter paper of 6µm porosity and 5ml of the filtrate was used to achieve the same inoculum concentration as in the soil bioreactors. The bottles were stirred at 450 RPM using a 2mm PTFE coated magnetic bar with a raised ring in the middle. The dissolved oxygen (DO) concentration was manually measured using the Hach HQ40d oxygen meter coupled with a Hach probe. DO was measured once per day until the substrate was completely used up. The second part of the aerobic batch tests was for the determination of the biokinetic parameters. The acclimated microorganisms were transferred to a 500ml open batch reactor that was placed on a single stirrer. 1g/l of the model compound was used with a bioreactor working volume of 250ml. The stirring speed was the same as the acclimation phase but a 5mm stirring bar was used. The DO meter was programmed to automatically and continuously record DO concentration data at specified time intervals i.e. every 15 minutes. The oxygen mass transfer coefficient k L a of the bioreactor was taken into account and measured as described by the procedure proposed by Benedek and Heideger [13] and adapted by Sheppard [14] . All aerobic experiments were conducted at room temperature (22°C).
For experiments with nitrate as the electron acceptor, the same set-up for the acclimation experiments as described above was used but in this case, the bottles were sealed with Tetflon-coated butyl rubber stoppers and crimped. Nitrogen as nitrate (NO 3 -N) was measured once per day using the Spectroquant Nitrate test kit 1.14563.0001.
For the anaerobic experiments, a water displacement set-up was used. A one-holed rubber stopper was used to seal the bottle with the tubing from the bottle connected to a gas collection cylindrical tube. The gas collection cylinder which was supported by a retort stand was filled with 1M KOH and then inverted into a container of 1M KOH solution that was placed on a stirrer. The anoxic and anaerobic experiments were conducted at room temperature and 40°C using the soil inoculum and were deoxygenated by sparging with nitrogen gas for 20 minutes before use. Control experiments which contained mineral salts and inoculum but no substrate were also set up under all the conditions investigated.
GC measurements of n-alkanes. At the conclusion of the batch experiments, the remaining n-alkanes were extracted three times using hexane as the extraction solvent. The extraction of the n-alkanes in preparation for GC analysis was carried out by adapting the technique utilized by Poster [15] . The extraction efficiency in all cases was 94±3%. Analyses of the extract were performed using GC Trace 1300 equipped with a flame ionization detector (FID) and a 30m x 0.25mm, TG-WaxMS capillary column. After an initial hold for 2.5 min at 90°C, the temperature was programmed to increase at 10°C/min to 300°C for 3 min.
The volatile fatty acids (VFA) were also measured with the GC using the following settings. The initial temperature of the column was 80°C for 2 min followed with a ramp of 20°C/min and a final temperature of 200°C for 1 min; the injector and detector temperatures were 200°C and 250°C respectively. Hydrogen was used as the carrier gas at a flowrate of 35 ml/min for both n-alkanes and the VFA measurements.
Other measurements i.e. VSS and COD measurements were carried out according to the procedures described elsewhere [15, 16, 17] .
Determination of Kinetic Parameters

Model Description
The concept of the mathematical formulation was based on COD mass balance where part of the carbon source is utilized by the microorganisms to produce more microorganism and the rest is oxidized using oxygen under aerobic conditions according to the equation below: 
Where, r SCOD is the rate of substrate consumption, r x is the rate of biomass growth, r end is the rate of endogenous metabolism and r O2 is the rate of oxygen consumption. The model is formulated from mass balances for biomass growth, substrate and oxygen consumption using the general mass balance for a batch reactor with a constant volume given as: -.
Accumulation generation consumption =
The growth kinetics for biomass growth has been assumed to be first order with respect to biomass according to Eq. (3) [19, 20, 21] . 3 X end dX kg biomass r r dt m day
where
and
Where X is designated as biomass (kg/m 3 ), b is the endogenous biomass decay rate (day -1 ) [22] and µ is the specific growth rate (day -1 ). The specific growth rate µ was assumed not only limited by substrate but by oxygen and therefore a dual Monod kinetic equation [23, 24, 25] was used.
Where S is the substrate concentration (kg COD/m ). µ max is the maximum specific growth rate (day -1 ). K O2 was assumed in all cases to be equal to 0.0001 kg/m 3 [26] .
Biomass Balance
Biomass concentration in the reactor is a function of biomass formed from substrate utilization and biomass consumed from endogenous metabolisms i.e.
.
Biomass accumulated
biomass generated biomass consumed = − Therefore, the rate of biomass accumulation is .
Substrate Balance
Substrate accumulated substrate generated substrate consumed = −
No substrate is generated in this case, the consumption of substrate was assumed to be a function of the concentration of the active microbial biomass [27] . Therefore, the rate of substrate accumulation is thus given as:
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Where Y X/S is the biomass growth yield coefficient given as
Oxygen Balance
Oxygen accumulation oxygen in oxygen generated oxygen consumed = + −
Oxygen entering the aqueous phase from the gas phase is consumed for biomass growth and endogenous metabolism, no oxygen is generated. The oxygen mass balance is thus given as:
1.42
Where 2 * is the saturation oxygen concentration (kgO 2 /m 3 ), measured in water at the temperature and pressure used in the experiments, and 2 is the concentration of oxygen under working conditions (kgO 2 /m 3 ).
Numerical Implementation
In this model, initial values of S o measured as the COD, X o (which was the VSS measurement taken before the addition of the substrates) & C O2o are given and optimal values of biokinetic parameters were determined by nonlinear regression of the oxygen concentration data obtained from the batch experiments. Eqs 
Where U e = experimental DO concentration, U s =simulated DO concentration
Results and Discussion
Aerobic Conditions
The DO profiles for the readily biodegradable substrates and n-alkanes during the acclimation phase are shown in Figure 1 . The readily biodegradable substrates were chosen to enable adequate comparison with the degradation rate of the n-alkanes used for this research. As shown in the DO profiles, the dissolved oxygen concentration begins to drop as the microorganisms acclimate to the substrates and once the substrate was used up, the DO concentration began to rise until it reached a value close to the saturation level. The results obtained showed that the AD sludge inoculum showed the same fast acclimation and substrate removal rate as the soil inoculum even though the conditions preceding its usage in our experiments were completely anaerobic. This indicates that the microbial community present in the anaerobic sludge can easily adjust to an aerobic environment and carry out their metabolic functions effectively. The results of the control bioreactors showed no decrease in DO concentration during the course of the experiments (results not shown). This means that the decrease in DO concentration was as a result of the microbial metabolic activity on the substrates added and not due to microbial endogenous metabolism or the consumption of other carbon sources that might have been present in soil inoculum or AD digester. Indeed, for the nalkanes (C12, C14 & C16) the GC analysis conducted at the end of the test, after the DO concentrations increased to a stable value, showed that the substrates were completely removed (data not shown).
The profiles of soluble COD were measured during the tests with glucose and with C12 to determine whether biodegradation of hydrocarbons involves the release of soluble compounds into the water phase. Indeed, the metabolic pathway of n-alkane biodegradation under aerobic conditions proceeds through the conversion of nalkanes to alcohol to aldehyde to carboxylic acids before the subsequent mineralization to CO 2 and water [28] . Therefore, it is possible that these metabolic intermediates are released from the cells during the biodegradation of the hydrocarbons. As expected, in the glucose reactor, the COD concentration decreased as the DO concentration decreased (Figure 2a ) and no further decrease in COD was observed when the DO concentration started to rise. For C12, no change of the concentration of soluble COD was observed during the biodegradation of this substrate ( Figure 2b ) and this indicates, that either metabolic intermediates were not released during the biodegradation for C12, or they were released but consumed very shortly after their release into the medium.
The investigation of the biodegradation of organic substrates through respirometry (i.e. oxygen consumption) has shown that the approach is a good indicator for determining biodegradation. Previous studies have reported high degree of biodegradation of n-alkane fractions under aerobic conditions in very different experimental systems. A study by Olsen et al conducted with batch flasks experiments showed that 75% of the nalkane fraction of diesel oil was biodegraded in 35 days [29] . Lal and Khanna observed about 18-43% degradation of n-alkane fraction of different sources of crude oil over 15 days using pure cultures of Acinetobacter calcoaceticus and Alcaligenes odorans [30] . Setti et al reported that the degradation of lower molecular weight alkanes was more significant than higher chain length and that the decrease in percentage biodegradation with increase in chain length was more significant for C12-C16 [31] . In this study we observed complete biodegradation of C12, C14 and C16 and incomplete biodegradation for C18 and C20. The reason for incomplete biodegradation of C18 and C20, at least in the time length of our experiments, is not clear. However, it is important to observe that, although all the n-alkanes considered in this study are virtually insoluble in water, C12, C14 and C14 are liquid at room temperature while C18 and C20 are solid. There are different mechanisms by which microorganisms utilize organic substrates present at concentrations that exceed their water solubility [32] . The biodegradation rate of hydrocarbons can be affected by its physical state. Liquid hydrocarbons are usually metabolized by being incorporated into the microbial cell membrane [33] whereas the mechanism by which solid hydrocarbons are utilized still remains open for debate. The microbial utilization of insoluble solid hydrocarbons is difficult because of the amount of energy that is required to disperse the solids [34] . In essence, in a system where insoluble substrates are present, the microorganisms are expected to first utilize the portion of the substrates in solution and the subsequent rate of uptake of the substrates will be limited by the rate of dissolution [35] . 
Acclimation Time
Microorganisms usually require time to adjust to certain conditions when placed in a new environment. Acclimation is normally preceded by a lag time after which significant growth of the microorganisms can occur. A criterion to determine the acclimation time under aerobic conditions was arbitrarily defined. i.e. acclimation was set to have occurred when the DO concentration decreased by 10% with respect to the initial value. Figure  3 shows the effect of the nature of the substrate and of the inoculum type on the acclimation time. The acclimation time for hydrocarbons was longer than the readily biodegradable substrates. Indeed, the acclimation time for the readily biodegradable substrates was in general between 1-2 days while for the hydrocarbons it was between 3-5 days. It is important to observe that the acclimation time was approximately the same for all the readily biodegradable substrates and it was also very similar for all the hydrocarbons. This means that the microorganisms were able to acclimate to glucose, ethanol and acetic acid with the same rate and, similarly, they exhibited the same behaviour with the hydrocarbons considered here. The reason for the longer acclimation period with the n-alkanes than with the readily biodegradable substrates can be explained considering that acclimation is affected by the chemical nature of organic substrates, their physical state and the concentration in which they are present. n-Alkanes are insoluble in water unlike the readily biodegradable substrates and as result may not be initially available to the microorganisms in the aqueous phase. Their metabolism would therefore depend on their availability to the microorganisms in the aqueous phase which is usually achieved by the production a solubilising agent like biosurfactant to aid their uptake [36, 37, 38] . This period of producing biosurfactant may be responsible for the longer acclimation time observed for the n-alkanes. In general, the acclimation time for the nalkanes was longer than the readily biodegradable substrates but was still relatively short considering the fact that the microbial community present in the two sources of inoculum used was not previously exposed to these hydrocarbon compounds. Figure 3 also shows that there was no significant difference in acclimation time for the two sources of inoculum. This indicates that, for open mixed cultures, the nature of the substrate is more important in determining the acclimation time than the type of mixed culture, at least for the mixed cultures considered in this study. Experiments were also conducted to determine the effect of initial substrate concentration on acclimation time over a range of concentrations. The results show that acclimation is independent of the initial substrate concentration for both the readily degradable substrates and the n-alkanes (data not shown). This shows that the mixed cultures considered in this study were not inhibited by higher concentrations of any of these substrates. This result is an important evidence that indicates the feasibility of biological treatment with open mixed cultures even for sites or wastewater with relatively high concentration of hydrocarbons. Figure 4 shows the experimental results of nitrate concentration profile over time using glucose conducted at room temperature and 40°C. After an initial acclimation phase i.e. approximately 2 days at room temperature and under 1 day at 40°C, the utilization of nitrate and glucose began simultaneously resulting in the decrease in the concentration of nitrate in bioreactors. This decrease in nitrate concentration stopped once there was no glucose available in the bioreactors as indicated by the COD measurements. These batch experiments indicate that the mixed cultures were able to use nitrate as electron acceptor when growing on glucose. Figure 5 shows the nitrate consumption profiles for the hydrocarbons at room temperature and 40°C. A modest decrease in nitrate concentration was observed at room temperature (Figure 5a ) and the consumption of nitrate started between 20-25 days after starting the experiments. The GC analysis conducted at the end of the experimental period with C12, C14 and C16 bioreactors showed that approximately 76-80% of these compounds were still present in the bottles. This means that even though nitrate concentration decreased, utilization of n-alkanes by microorganisms under these conditions proceeded at a very slow rate. The overall rate of removal of the hydrocarbons under anoxic conditions was much lower than under aerobic conditions. For the same conditions of temperature and hydrocarbon concentration a comparison of Figure 1 and Figure 5a shows that the hydrocarbons were completely removed within 20 days from inoculation under aerobic conditions while they were only partially removed after 40 days under anoxic conditions. At 40°C (Figure 5b) , a significant consumption of nitrate was observed and nitrate was almost completely utilized in C12, C14 and C20 bottles. GC analysis conducted at the end of the experiments showed approximately 96-98% of C12 and C14 was removed, while for C16 about 46% of initial concentration was present. The GC analysis corresponded well with the nitrate concentration profiles in Figure 5b , and the high residual concentration of C16 at the end of the test corresponded with the lower amount of nitrate removed with this hydrocarbon. The control experiments showed no decrease in nitrate concentration (results not shown) confirming that the decrease in nitrate concentration in the anoxic experiments was due to the consumption of the test compounds by the mixed microbial culture used. Figure 6 shows the experiments conducted with the mixed cultures at the end of their acclimation period with n-alkanes under anoxic conditions. One of the triplicate bottles of C12 and C20 at 40°C were spiked with 1g/l NaNO 3 (168 mg/l N-NO 3 ) and 0.5g/l of the substrates. It can be seen from the results that nitrate was consumed at a much faster rate than in the acclimation experiments. The results obtained from these tests further prove the biodegradation of n-alkanes using nitrate and that the biodegradation process can be faster with prior exposure of the microorganisms to the substrates.
Anoxic Condition
From the results obtained, n-alkanes can be metabolized by microorganisms using nitrate as the terminal electron acceptor. It should be noted that ammonium (NH 4 Cl) was present in significant amount in the culture media to ensure that the nitrate added was only used for respiration and not as a nitrogen source for microbial cell synthesis. Higher nitrate consumption was observed in the bottles amended with hydrocarbons when the temperature was increased to 40°C. This is not surprising as the degradation of organic compounds increases with increasing temperature and microbial activities usually doubles for every 10°C increase in temperature [39] . Although nitrate consumption in the bioreactors amended with the n-alkanes was observed to be similar at onset of the experiments, it ceased in C16 bioreactors and significantly slowed down in the C18 bioreactors after 28 days (Figure 6b ). The denitrification process involves a sequential reduction of nitrate to nitrite, nitric oxide, nitrous oxide and finally to dinitrogen gas [40] . The reduction of nitrate is activated by nitrate reductase enzyme and the nitrite formed from nitrate reduction induces the activities of nitrite reductases. Before the synthesis of the nitrite reductases, a transient accumulation of nitrite in the system might occur. Nitrite has been shown to be highly toxic to microbial cells and might hinder cell metabolic activities or even cause microbial cell decay [41] . It is possible that the enrichment cultures amended with C16 & C18 had some nitrite accumulation, hence the low nitrate consumption, however nitrite was not analysed in this study, therefore further investigation is required to understand the reason for the lower nitrate reduction observed with C16 and C18. In the literature, there is some evidence of anoxic biodegradation of nalkanes, however this is mostly limited to pure cultures and to C16 [42, 43] , while there is little or no investigation of open mixed cultures in the anoxic biodegradation of these substances. Figure 7 compares the acclimation times under anoxic and aerobic conditions. For glucose, the acclimation time was very similar for the two electron acceptors. For the nalkanes, however, the acclimation time under anoxic conditions was much longer than under aerobic conditions. Indeed, the acclimation time for the hydrocarbons was 20-25 days under anoxic conditions vs 3-5 days under aerobic conditions. In essence, the results obtained from this study show that the mixed culture acclimate much faster to nalkanes under aerobic conditions which means using nitrate as the electron acceptor in subsurface bioremediation will take a longer time to achieve the set objective than when
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oxygen is introduced or injected. It should be noted however that a criterion to determine the acclimation time under anoxic conditions was also arbitrarily defined i.e. when about 10% of the initial nitrate concentration was consumed. 
Anaerobic Conditions
The results of the anaerobic experiments, in the absence of any external electron acceptors, conducted at room temperature and 40°C are shown in Figure 8 . For the glucose-amended reactors, there was a lag phase of 3-6 days after which the volume of liquid displaced corresponding to the amount of gas produced increased sharply and then ceased afterwards. For the n-alkanes, no gas production was observed throughout the experiments under the two temperature conditions. VFAs were measured at the end of the tests and it was found that acetic acid accumulated in the glucose reactors at concentrations in the range 200-250 mgCOD/l, while no accumulation of VFAs was observed for the hydrocarbon-fed reactors. These results indicate therefore that under anaerobic conditions the mixed cultures used in this study were able to metabolise glucose but not any of the hydrocarbons.
For the glucose reactor, higher gas production was observed at 40°C (140 ml) than at 22°C (50 ml). Since the glucose concentration at the start of the test was the same in both tests, the lower volume of gas production at the lower temperature is an indication of higher inhibition of microbial metabolism under these conditions. However, inhibition was observed in the glucose reactors at both temperatures. Indeed, at both temperatures no increase in gas production was observed when glucose was spiked again, as indicated by the arrows in Figure 9 . Some anaerobic digestion studies have shown that the presence of some VFA in the concentration range of 30-60 mg/l, lower than the ones observed in this study in the glucose reactors, inhibited growth [44] . The higher inhibition observed at lower temperature in our study is not surprising, because it is known that anaerobic digestion processes are sensitive to many variables including pH, temperature, volatile fatty acid (VFA) and nutrients availability.
Our experiments have shown that the mixed cultures used in this study were not able to use hydrocarbons under anaerobic conditions, even after an acclimation time of 150 days. There is some limited literature evidence that hydrocarbons are biodegradable under anaerobic conditions, albeit very slowly [45, 46] . These studies used mixed cultures of pure microbial strains isolated from oilfields and other hydrocarbon contaminated sites. However, to the best of our knowledge, there is no reported investigation on the anaerobic biodegradation of n-alkanes using open mixed microbial cultures. In our study, we used soil inoculum obtained from an agricultural site which had no prior exposure to hydrocarbon substrate. It is possible our experimental period was not long enough for any significant biological degradation of the n-alkanes under anaerobic conditions to occur. Our study involved the use of unacclimated mixed culture from a non-hydrocarbon contaminated site of which microbial species capable of utilizing hydrocarbons particularly nalkanes as the substrates under these conditions might be missing in the mixed culture. Figure 9 shows the results of the kinetic experiments carried out with glucose, acetic acid, ethanol, C12, C14 and C16 at the end of the acclimation phase. Kinetic experiments were also carried out with C18 and C20 at the end of the acclimation phase, when the DO concentration was the highest, but for these substrates we observed no drop in DO following the substrate spike (data not shown). For all the substrates except C18 and C20 the DO dropped immediately after the spike of the substrate. This indicates that, once microorganisms are acclimated on a substrate, they are immediately able to remove it without any lag phase. The use of respirometric data for parameter estimation requires that the microorganisms are fully acclimated to the substrate.
Model Result
The fitting of the Monod model to the experimental data is always very good. The values of the fitted parameters are reported in Table 1, while Table 2 Table 2. For n-alkanes, the values of the parameters µ max , b and Y X/S are within the same range as for the readily biodegradable substrates glucose, acetic acid and ethanol. However, an important difference is the value of the parameter K s , which is much larger for the hydrocarbons (0.4-0.9 kg COD/m 3 ) than for the readily biodegradable substrates (0.004-0.008 kg COD/m 3 ). The larger value of the K s for the hydrocarbon is the mathematical consequence of the much slower increase of DO observed for the hydrocarbons than for the readily biodegradable substrates. Indeed, Figure 9 shows that for acetate, glucose and ethanol the DO profile shows a very sharp increase towards the end of the test, while the increase in DO for the hydrocarbons is much slower. Mathematically, using the Monod model as we did in this study, this corresponds to a larger value of K s for the hydrocarbons. While the biological meaning of µ max is pretty straightforward, the interpretation of K s is less obvious. The half saturation constant is described to be closely related to the transport mechanism of a substrate across the microbial cell membrane. This means K s is dependent on the properties of the cell membrane and intracellular conditions, on the type of transporter proteins in the cell and also on the substrate properties. In addition to this, the K s for hydrocarbons and insoluble compounds may also be affected by the interfacial area between the microorganisms and hydrocarbons, the dissolution rate and the production of extracellular products that enhance bioavailability [47] . These considerations give an interpretation of K s as a reflection of the affinity of microbial cells to a substrate. Poor affinity for substrates is indicated by large K s values meaning low substrate availability while a low K s value indicates high substrate affinity. The larger value obtained is not surprising because hydrocarbons are not soluble in water and therefore they are much less accessible to microorganisms than soluble substrates such as acetic acid, glucose and ethanol. Even though it is not possible to associate the value of K s with any single physical property, the K s estimated in this study can still be useful in biodegradation models for groundwater and subsurface systems where there is a high degree of heterogeneity and as such many of the physical factors affecting K s cannot be directly measured. Comparing the kinetic parameters of C12, C14 and C16, we note that C12 and C14 were removed at similar rates (similar values of µ max and K s ), while C16 was removed at slower rate (lower value of µ max and higher value of K s ). Table 2 shows that there is very limited information on kinetic parameters for hydrocarbons in the literature. To the best of our knowledge, no studies on open mixed culture have been reported on the kinetic parameters for the hydrocarbons considered in this study. Geng et al. (2013) obtained for n-C17 kinetic parameters in a similar range to the ones we found in this study. In general, the µ max estimated in this study are within the range of values reported by previous studies for microorganisms growing on normal hydrocarbons. As far as the effect of the chain length of the n-alkanes on the biodegradation rate is concerned, no clear trend is observed in the literature. Some studies showed the degradation rates of n-alkanes decreases with increasing carbon chain length [48, 49] . In contrast, studies undertaken by Walker and Colwell found no correlation of the biodegradation rates on carbon chain length for a synthetic mixtures of n-C10-C29 all of which were present in equal proportions [50] . As discussed above, in this study C16 stimulated the activities of the microorganisms to the least extent, while the maximum specific growth rate obtained for C12 and C14 was approximately the same. The endogenous decay rate constant b for the hydrocarbons seems to be in a similar range as the values, i.e. 0.03-1.6 day -1 , obtained with cultures growing on readily biodegradable substrates [6, 51] . The biomass yield coefficient obtained by the model seems comparable with previous studies on readily biodegradable substrates and other hydrocarbons as shown in Table 1 .
Overall, this modelling study shows the possibility of obtaining the kinetic parameters of the Monod model for hydrocarbons using respirometric experiments.
Conclusions
This study has shown that n-alkanes are biodegradable by open mixed microbial cultures under aerobic and anoxic conditions but not, at least under the conditions investigated here, under anaerobic conditions. The acclimation time of the microorganisms to the hydrocarbons is longer than to readily biodegradable substrates such as glucose, acetic acid and ethanol. Under aerobic conditions microorganisms acclimate to the hydrocarbons quite rapidly (3-5 days) while under anoxic conditions the acclimation time required to use nitrate as electron acceptor is considerably longer (20-25 days) . Estimation of the kinetic parameters of the Monod model showed that hydrocarbons are characterized by a similar µ max than readily biodegradable substrates but by a higher K s . This study has also shown the feasibility of investigating microbial growth on hydrocarbons by using respirometric methods.
The results of this study can be applied to the choice and design of biobased strategies for decontamination of oilspills in soils or in waters.
Nomenclature b
Decay rate constant (day -1 ) 
